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We identified a tobacco stigma-specific gene, designated 
STIG1. The STIG1 gene is developmental^ regulated 
and expressed specifically in the stigmatic secretory 
zone. We used a chimeric STIG1-GUS gene to show 
that the stigma-specific STIG1 gene expression pattern 
is controlled primarily at the transcriptional level. We 
constructed a stigma-specific cytotoxic gene by fusing 
the STIG1 gene 5' regulatory region with the coding 
sequence of the Bacillus amyloliquefaciens barnase 
gene, to assess the role of the stigmatic secretory zone 
in the pollination process. Pistils of transgenic STIG1- 
barnase tobacco plants undergo normal development, 
but lack the stigmatic secretory zone and are female 
sterile. Pollen grains germinate on the ablated ‘stig­
matic’ surface, but are unable to penetrate the trans­
mitting tissue of the style. Application of stigmatic 
exudate from wild-type pistils to the ablated surface 
increases the efficiency of pollen tube germination and 
growth and restores the capacity of pollen tubes to 
penetrate the style. Our data demonstrate the import­
ance of the stigmatic secretory zone in the pollination 
process and provide an approach to identify compounds 
produced by the stigma that are critical for successful 
pollination and fertilization to occur.
Key words: cell ablation/female sterility/pistil exudate/ 
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Introduction
The tobacco pistil is composed of a bilobed stigma, a 
solid style and an ovary (Bell and Hicks, 1976). The 
stigma has three distinct zones: an epidermis with papillae, 
a sub-epidermal secretory zone and a zone of parenchyma 
ground tissue (Kandasamy and Kristen, 1987). The secret­
ory zone converges into the style as a solid core of 
transmitting tissue, which is surrounded by stylar paren­
chyma and epidermal cells (Kandasamy et al., 1990). The 
style connects the stigma to the ovary, which contains 
ovules that develop at specific regions of the ovary wall
(Esau, 1977: Cresti et al., 1991). Specific ovule cells 
differentiate into the embryo sac which contains the egg 
cell (Esau, 1977). The stigma, located at the distal end of 
the pistil, is specialized to serve as a receptacle for pollen 
grains and to provide a suitable environment for their 
germination (Esau, 1977). At maturity, the tobacco stigma 
is covered with a sticky exudate that is considered to be 
important in the pollen—pistil interaction process (Bell and 
Hicks, 1976: Linskens, 1981). This exudate is produced 
primarily by the cells of the stigmatic secretory zone 
(Kandasamy and Kristen, 1987), although a portion of 
the exudate appears to originate from underlying stylar 
transmitting tissue. Thus, the mature stigma surface con­
tains compounds secreted by cells of different pistil tissues 
(Kandasamy and Kristen, 1987). What these compounds 
are and their role in the pollination process are unknown. 
The pistil has a dual function. It produces the female 
gametophyte or embryo sac that contains the egg cell, and 
is responsible for nurturing the developing zygote after 
fertilization. The pistil also serves as a barrier to discrimin­
ate between intraspecific and interspecific matings 
(Linskens, 1981: 1986), and between self-compatible and 
self-incompatible pollen in some species (Linskens, 1986; 
Mau et al., 1991: Nasrallah et al., 1991). Thus, the pistil 
plays a decisive role in determining the genotype of the 
future embryo and plant (Linskens, 1986). Critical celi­
celi recognition events take place in the specialized tissues 
of the stigma and style (Nasrallah and Nasrallah, 1989). 
In Brassica, there is evidence that the intercellular inter­
action that occurs between the pollen tube and stigma in 
an incompatible pollination response is mediated, in part, 
by a receptor kinase present in the stigmatic cells (Stein 
et al., 1991; Goring and Rothstein, 1992). In contrast, 
little is known about the recognition processes mediating 
compatible pollen-pistil interactions. Events triggered 
after delivering compatible pollen grains to a receptive 
stigma surface have been studied at the morphological 
and cytological levels (Linskens, 1986; Nasrallah et al.,
1991), but little molecular information exists. We are 
using a molecular approach to identify genes that exhibit 
stigma- and style-specific gene expression patterns to 
study the development and function of specialized female 
reproductive tissues that interact with pollen tubes as they 
grow toward the ovary. In this paper, we describe the 
isolation and characterization of a tobacco gene, designated 
STIG1, which is expressed exclusively in the stigmatic 
secretory zone and encodes a cysteine-rich protein. We 
constructed a stigma-specific cytotoxic gene and produced 
transgenic tobacco plants lacking the stigmatic secretory 
zone. Our results indicate that the stigmatic secretory zone 
functions in the pollination process by secreting and/or 
delivering compounds that are required for penetration of 
the pistil and pollen tube growth.
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Results
Temporal and spatial expression of a stigma- 
specific gene
We constructed a tobacco stigma cDNA library from stage
6 pistils (Koltunow et al., 1990; Drews et al., 1992), and 
screened this library differentially with stigma [32P]cDNA 
and a mixed probe containing leaf, stem, root, petal and 
anther [32P)cDNAs. We obtained several cDNA clones 
that represented mRNAs present at an elevated level in the 
stigma. One cDNA clone, designated STIGL appeared to 
represent an mRNA present exclusively in this pistil tissue 
layer (see Materials and methods). We hybridized RNA 
gel blots with a STIG1 cDNA probe to confirm the organ 
specificity of the STIG1 mRNA. The 0.75 kb STIGJ 
mRNA was represented at prevalent levels in a combined 
stigma and style mRNA population, but was undetectable 
in root, stem, leaf, sepal, petal, anther, ovary and seed 
mRNAs (Figure 1 A). We hybridized a STIG1 cDNA probe 
with stigma and style total RNA isolated from pistils at 
different stages of development to determine whether the 
STIG1 mRNA was regulated temporally. The tobacco 
pistil is fully differentiated at stage 1, and at stage 12 
pistil maturation, anther dehiscence and pollination occur 
(Goldberg, 1988; Koltunow et al., 1990; Drews et al.,
1992). As shown in Figure IB, the STIG1 mRNA was 
present at stage 1, accumulated until stages 4 and 5 and 
gradually decreased in prevalence from stages 6-12. These 
results indicate that STIGI gene expression is regulated 
with respect to both region and time during pistil devel­
opment.
We hybridized a STIGI antisense RNA probe in situ 
with longitudinal stage 4 pistil sections to investigate the
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spatial distribution of STIGI mRNA within specific stigma 
cell types (Figure 1C and D). A strong hybridization 
signal was observed with mRNA localized within cells of 
the stigmatic secretory zone (Figure 1C). In contrast, no 
hybridization above the background control (Figure ID) 
was observed in stigma parenchyma tissue, or in any 
region of the style (Figure 1C). These results show that 
the STIGI mRNA is localized specifically within cells of 
the stigmatic secretory zone, and that STIGI gene expres­
sion is highly regulated with respect to cell type during 
pistil development.
Molecular characterization of the STIG1 gene
We hybridized a STIGI cDNA probe to gel blots containing 
different restriction enzyme digestions of tobacco DNA 
to determine the representation of STIGI genes in the 
tobacco genome. The probe hybridized with only two or 
three DNA fragments, indicating that the STIGI gene is 
either single copy or belongs to a small gene family (data 
not shown). We screened a X Charon 32 tobacco genomic 
library (Koltunow et al., 1990) with the STIGI cDNA 
probe to isolate the STIGI gene. We obtained a genomic 
clone that contained a cross-hybridizing, 5 kb £coRI 
fragment. DNA sequence analysis of this genomic frag­
ment demonstrated that it was 100% homologous to the 
STIGI cDNA clone (see Materials and methods), and that 
there were no introns in the STIGI gene (Figure 2). 
Translation of the STIGJ gene sequence showed an open 
reading frame with two methionine residues near the 5' 
end (Figure 2). We assumed that the first methionine was 
the translation start site because of the sequence context 
around this AUG codon (Kozak, 1989). Using this reading
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Fig. 1. Expression of the STIGI tobacco gene. (A) Accumulation of STIGI mRNA in différent organs. Poly(A) RNA (1 jig) was loaded in each 
lane. R, root; L, leaf; S. stem; IL, leaf infected with tobacco necrosis virus; A, anther; PE, petal; ES, early developmental stages of stigma and style 
(stages 3-7); LS, late developmental stage of stigma and style (stages 8-11); OV, ovary; and SD, seed. (B) Accumulation of STIGI mRNA during 
tobacco flower development (stages as described by Koltunow a  al., 1990). Each lane contained 5 f.ig of total RNA extracted from stigmas and 
styles at the indicated developmental stage. (C) Localization of STIGI mRNA in the stigma and style of a stage 4 pistil. In situ hybridization with a 
STIGI dioxigenin-labeled antisense RNA probe. Purple coloration represents regions containing RNA-RNA hybrids. (D) Background control in situ 
hybridization with an antisense neo RNA probe. ST, stigma; SL, style; SZ, secretory zone; TT, transmitting tissue.
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frame, the STIGÌ sene encodes a 146 amino acid 16 kDa
w
protein with a hydrophobic N-terminus characteristic of a 
signal peptide (Von Heijne, 1986) (Figure 2). The STIGI 
polypeptide appears to be divided into two domains, an 
N-terminal domain and a cysteine-rich domain in which 
the cysteine residues are distributed in a repetitive pattern 
(Figure 2). The STIGI DNA sequence did not display any 
significant homology with gene sequences present in 
computer databanks. These results suggest that the STIGI 
protein may be secreted and may play a role in the 
function of the secretory zone.
A STIGI gene 5' fragment directs stigma-specific 
expression
We fused 1.6 kb of the STIGI «ene 5' flanking and 
untranslated regions (Figure 2) with the Escherichia coli 
ß-glucuronidase (GUS) gene coding sequence (Jefferson 
et al., 1987) to determine whether the STIGI gene flanking 
sequences were responsible for directing expression to the 
stigmatic secretory zone. The resulting chimeric gene, 
designated STIG1-GUS, was introduced into tobacco and
Arahidopsis by Agrobacteriuni-mediateá transformation 
(see Materials and methods). Seven independent kana- 
mycin-resistant tobacco plants were obtained. These trans­
genic plants showed GUS enzyme activity exclusively in 
the secretory zone of the stigma (Figure 3A) analogous 
to that observed for the STIGI mRNA (Figure 1C). Papi liar 
cells covering the epidermis of the stigma also showed 
blue stain in some sections (Figure 3A). No GUS activity 
was detected in other pistil regions. Nor was there activity 
in other vegetative or reproductive organs of the transgenic 
plants (data not shown). The transgenic Arahidopsis plants 
also exhibited GUS enzyme activity exclusively within the 
stigma (Figure 3B). This activity was localized primarily in 
the prominent papi llar cells of the Arahidopsis stigma 
(Figure 3B). No GUS stain was observed in any other 
tissues, except for a single transformant that displayed 
weak activity in the inflorescence meristem (data not 
shown). Together, these results indicate that transcriptional 
control elements required to program expression to specific 
stigma regions are present in the STIGI gene 1.6 kb 5' 
flanking region, and that these elements function equally 
well in distantly related plant species.
GAATTCGACCTCGCCCCCGAGCTGTATATGTTTGCAGATGCTCAAAAGGAAAAAGAAAACACTGAATGTGATTGT 
G AG T TAT G G T AAT AAT AT AT C T G C G G G T G AG AT C T G T G T G G AG AAAT AAG T AC AG AG AAG C T AAC AAC AAC AG C A 
ATGAACTAGTCGAGAGAAAATGATGATCCCCAAATTTAGGGGATAACATTTGGATTCACCTAAAGCAGCTAGAGG 
G C T TAT AT AAC AAT C T G T G T TAG T G G AT C T AG C TAG TAC AG AT AG T C C AG AAG C TAC AT C T G AGG AAT G AAG AG T 
ATTATCGCTTGATTTCACCACACATATAATGCGCACTGGACCTACATAATCCTGTAAACTGTAATGTCAAGGTGG 
TTGAAGCGGAATCTTCACAATCATTCAAAGGAAGAATCACAATGCTGCCTATCAGTTTTCATGATGCTTAATTGA 
ATCCTTGTCTGTTGACTAGCTCAACCATGTGAATAGGTGTCAAGTTGACAGGAAGGAGTCTTCTAGCAGTGAAAA 
C AT AC T T T GAAAG C T T AC C G AG G AC CAAAG T G G C G AAAG AC T T AAC C T AAT CAT GTTATTCT GAG TAC T C G AAC A 
TGGGAAGGATTGAAGCTACAAAATATTTTGCTGTACATCTTATGGGCGACTTTCGTATTGATTATCTTTTTGCTT 
TAT AT C AG T G AT T C AAT AT T C AAG G G AG AC TTC T CAT AAT T C C AAG C G AT T G TAG C AG TAAG AAG AAAAAG AAGC 
TCATCCCGTCTCCTATATCAGTTCAGACCATGCAACTCGCCATTTTAGTTCTATTAGGATTTTCCTCTTGGTAAC 
TGATTCATTCATTCAATATAATTGGAGCATTGCTGATTCAACCTGTTCATATAATGCAAATATGCAAACTTCAAG 
T T G T CAT AAT CAT G T T C AAC TAAAC G AT AT AG CAAAGC T AAT AT AGG C AAG T G AAAG G C AC T G TAG AT T T G AGG A 
AAG T AT AAT T T T G T C T AT G AAAT T G T G TG AT T AAAAT T AT T T T T AAC T C AAAT T AAT G AT T T T G T T T G T AAC AT G 
C AG T AAG ATC T C C TAAAC AAT C AAAAG AC AAT C AG AAT TAT G CAT AAT G AC C C TAG G G C TG T AAC T T T T TAC TAT 
T AATC T C T G T T T AAAT AT C C T T T T T T G T AC AT T C T T G T T AG C AAAAAC T T C AGG G C AT AG T AG AAAAAAAG AC T C 
ATTATATCTCCTTATAAGTATTAAATCACCTTATTTTGGTTTAGGTTCAAGCTTCCAAGAACAAATAATTTTGGG 
C T G G AAT T G T AAAT C C AAG AT C T G AAC T AAC AAG T T C AAAC T C T AAG C T G C AT AG G T T T T G AC AT T T AT C AAAG C 
TCCATTTATGTTCCTCACCAACTTACAGGCAACTGTAATAGACAGTTGGGGAATACAACTTTGACTTATTGCAGA 
T T AC C C C C C AAAT T C T T G G G G T T C T AG T TATGATC G AAAAAAC AAG T C AT G T T G T T TC AG AT T T T AG C AT T T G AC 
ATTATGTTCTGATACCATCTTGTATAGCfrATAAAPfcCTTGTTGAAGCTCAGCAGAAACCACCAGTATCAAATTAT
g g c t t t t a t c a a Æ t t c t c a t t c t c a t c a t c c t c a c t A
X
75 
150 
225 
300 
375 
4 50 
525 
600 
675 
750 
825 
900 
975 
1050 
1125 
1200 
1275 
1350 
1425 
1500 
1575
T T C TAG CACAC CAATTÄC CACAATGTCTATACCCGA 1650 
S T P I T T M S I P EF I N L L I L I I L T L
GACAAACCGTAGAAATGCAACTACAAACTCTTACACCGATGTTGCTCTTTCTGCGCGAAAAGGTGCATTTCCTCC 172 5
T N R R N A T T N S Y T D V A L S A R K G A F P P
•  t  •
TCCCAGAAAGCTAGGAGAATACTCGACAAATTCTACCGACTACAACTTGATCTGCAAAACTTGCAAGAGATTATC 1800
P R K L G E Y S T N S T D Y N L I C K T C K R L S
f  t  t  —  —
GGAACGCAATACATGTTGTTTCAACTACAGTTGTGTTGATGTGTCCACCAACAGGTTCAACTGTGGCTCCTGTGG 187 5 
E R N T C C F N Y S C V D V S T N R F N C G S C G
CCTTGTCTGTAACCTTGGAACGAGATGCTGTGGTGGGATCTGTGTGGACATCCAGAAAGACAATGGCAATTGTGG 1950 
L V C N L G T R C C G G I C V D I Q K D N G N C G
«
CAAGTGTTCTAATGTTTGCTCTCCTGGTCAGAAGTGTTCATTTGGGTTTTGTGACTATGCCTAAGTATATTTTCC 2025 
K C S N V C S  P G Q K C S  F G F C D Y A
CTATGTCTAGTAATAACCAGAGTCTGTGTAAGCCTGTCAAATAACTAACTCCCCTGTCCCTAGGGTGAAATGTTA
CTCTAATAAQj TTGGAGATTTGCATTCTGTGTTGTTTGTAGTAAGTTATGGCTAGTAATCTATTTAAGGTGACTT
GGAATACATÆTTTTGTGTGTTGCACCATCTTGTTTTTAGACATGGTAAATTTCGCGTGATCTGCTTTGAAGACT
g a a a a a g c t a t a a g g g g c a a a a a g a t t t a a g g g a a a t g a a g g a a a t t a c a t a t t t g g a t a a a g a a a t t g t c a a c c
ATTACCCTTGAGGAGGGTATCGAGGTTGAGAAATAGCGGGGTTTCATGGTTCGGTTTGGATCGATTTTTTCCTAT 
AAAAAAAAC C AC AC C AAG T AAG T C G G T T T T T C AT AT AT T G AAAC C AAAC C AAAT T AAT T AAG T C AAT T T T T T AT C 
GATTAGGTTTTTGTCGATTTTTCGGTTATTTATCGGCGTTTCCATTAATATGAGACATACACTACAAAACACATA 
TTCTGACGACCACATTTTCAATGTAACCCTATCAAACCAATTGCTCTTTGAGAAATCTATCATTTAACAAGATTA 
TAT T G AT G AT AG T TG AAAT AG C AATG AAT AAT T T AAG AAC T C AAT T AAAAAT AG
2100
2175
2250
2325
2400
2475
2550
2625
2674
Fig. 2. Sequence ot the S IIC I tobacco gene. Nucleotide and deduced amino acid sequences of the STIGI gene, including the position of relevant 
consensus sequences. The putative IA TA box is enclosed in a square, the two ATG codons in frame and the stop codon are shown in bold type. The 
closed arrows and the bar mark indicate the 5' end and the 3' end ol the homologous STIGI cDNA clones, respectively (see Materials and methods) 
The open arrow shows a potential signal peptide cleavage site, potential glycosylation sites are idemilied by asterisks, and cysteine residues are * 
underlined.
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A
Pig. 3. Localization of GUS activity in pistils of plants transformed 
with the chimeric STIC I-GUS gene. (A) Longitudinal section of the 
upper part of a stage 4 STIGÌ-GUS tobacco pistil. GUS activity is 
restricted to the stigmatic secretory zone. (B) Arahidopsis 
inflorescence showing GUS activity in the stigma of flowers and floral 
buds. OV. ovary; P, papillae; SL. style; ST. stigma; SZ. secretory zone; 
TT. transmitting tissue; VB, vascular bundle.
Ablation of the stigmatic secretory zone leads to 
female sterility
We used the STIGI gene 5' regulatory region to selectively 
destroy the stigmatic secretory zone of the pistil by 
cytotoxic gene ablation (Mariani et al., 1990, 1992). We 
created a stigma-specific cytotoxic gene by fusing the
1.6 kb STIGI regulatory fragment with the Bacillus 
atnxloliquefaciens barnase gene coding sequence (Hartley. 
1988; Mariani et al., 1990, 1992).
The cytotoxic STIG I-barnase gene was then transferred 
to tobacco plants using Agrobacterium-mzd\aX.td trans­
formation (see Materials and methods). Analysis of six 
independent kanamycin-resistant tobacco plants demon­
strated that each contained the barnase gene (data not 
shown). The STIG ! -barnase transformants were similar 
in appearance and morphology to untransformed control 
plants, except that they were female sterile and had ablated 
stigmas (Figure 4A). The stigmas of STIG ¡-barnase plants 
were reduced to small mounds of parenchyma ground 
tissue at the pistil tips, did not show the presence of 
papillae and did not produce detectable exudate (Figure 
4B). In addition, the styles of transgenic plants were 
reduced in size relative to those of untransformed pistils 
(Figure 4C and D), or pistils transformed with the chimeric 
STIG I-GUS gene (Figure 3 A). In contrast, ovaries of the
transgenic plants were not affected by the stigma ablation 
(data not shown). Anther development and the production 
of pollen grains were normal in all but one transformant 
(Figure 4C and D). Four of the stigmaless transgenic 
plants that produced normal pollen levels (Figure 4A, C 
and D) were selected for fertility studies. DNA gel blot 
analysis demonstrated that these plants contained only one 
or two T-DNA insertions (data not shown). The viability 
and in vitro germination capacity of pollen grains derived 
from STIG!-barnase anthers were indistinguishable from 
those of untransformed anthers, or those of transgenic 
plants expressing the STIG I-GUS gene (data not shown). 
STIG 1-barnase pollen was capable of promoting capsule 
development and normal seed set on untransformed, 
female-fertile plants and these seeds generated plants that 
segregated for the female sterile phenotype (data not 
shown). In contrast, no capsules or seeds were produced 
by using this pollen or pollen from untransformed plants 
to pollinate ablated stigmas. These data indicate that the 
STIG I-barnase plants are functionally female sterile, but 
are male fertile (data not shown). We cut away the upper 
third of the ablated STIG ¡-barnase pistils and applied 
pollen of untransformed plants directly to the cut-style 
surface to assess whether ovule and embryo sac formation 
were normal in the stigmaless plants (Van Tuyl et al., 
1988). Capsules and viable seeds from the ablated STIG I - 
barnase pistils were generated using this procedure (data 
not shown). However, from 1000 ovules, we only obtained 
-200 viable seeds. These seeds also produced progeny 
that segregated for the female sterility trait (data not 
shown). Together, these data show that the loss of the 
stigmatic secretory zone leads to functional female sterility 
that can be transmitted to progeny through either the male 
or female gametophyte, and that the pollination process 
is very inefficient in the absence of a normal stigma.
Pistil development in female sterile plants
We analyzed pistil development in female sterile STIG¡- 
barnase plants to determine whether the transcriptional 
activation of the STIGI gene coincided with the period of 
stigmatic secretory zone differentiation, and whether the 
loss of this zone affected the time course of pistil develop­
ment. We previously showed that the stigma is beginning 
to form in a stage -4 pistil (Koltunow et al., 1990). At 
stage 1, the STIGI mRNA levels are already high (Figure 
IB). We prepared longitudinal tobacco pistil sections from 
both stigmaless and wild-type pistils from stages -4 to 1 
to monitor pistil development during this time interval. 
Fieure 5 shows that no differences were observed between 
ablated and wild-type pistils at stages -3 and -2 (Figure 
5A-D). In contrast, the stigmatic secretory zone differenti­
ated between stages -2 and -1 in wild-type plants (Figure 
5C and E), but did not develop in plants containing the 
cytotoxic STIG ¡-barnase gene (Figure 5F). The stage -1 
STIG I-barnase pistils were indistinguishable from 
untransformed pistils except for the absence of the stig­
matic secretory zone and papillar cells (Figure 5E and F). 
Carpel fusion events occurred normally in the stigmaless 
pistils, and the style and ovary tissue patterns were 
indistinguishable from those of wild-type pistils at stage 
1 (Figure 5E and F). These results indicate that the STIGJ 
gene promoter is activated during the period of stigma
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A
Fig. 4. Flower organ morphology of tobacco plants containing the chimeric STIG ¡-barnase gene. (A) Mature flower of a STIG ¡-barnase plant (left) 
and an untransformed control plant (right). (B) Upper view of the mature bilobed stigma of an untransformed plant (right) and the ablated stigma 
from a STIG I-barnase plant (left). (C) Style length in relation to the anther position in untransformed flowers. (D) Reduced style length in STIGÌ- 
barnase (lowers. A, anther; F, filament; PE, petal; ST, stigma; SL, style.
differentiation (stages -2  to - 1 ), that the stigma secretory 
zone functions autonomously, and that this zone is not 
required for the differentiation and/or function of other 
pistil tissues later in development.
Pistil exudate restores normal pollen tube 
germination and growth to stigmaless pistils
We carried out pollination experiments with flowers con­
taining stigmaless and normal pistils to determine whether 
the exudate secreted from wild-type stigmas could increase 
the pollination efficiency of the female sterile ST1G1- 
burncise plants. Pollen from untransformed plants was 
applied to either stigmaless or wild-type pistils (stages 
10- 12 ) that were developmentally competent to facilitate 
the pollination process (Shivanna and Sastri, 1981; 
Kandasamy and Kristen, 1987). As shown in Figure 6, 
pollen grains applied to the stigma surface of untrans­
formed pistils germinated, penetrated the stigmatic secre­
tory zone and grew through the stylar transmitting tissue 
(Figure 6A). In contrast, only a few pollen grains applied 
to the ablated surface of stigmaless pistils germinated and 
those that did were not able to penetrate the stylar 
transmitting tissue (Figure 6B). When we applied pollen 
to the cut stylar surface of either stigmaless or wild-type 
pistils, only a few pollen tubes germinated, penetrated the 
transmitting tissue, and grew to the ovary (data not shown). 
These results suggested that direct contact between the
pollen and the stylar cells was required for productive 
pollinations, and that these cells provided either a suitable 
environment for pollen germination and growth, or a 
specific pollination-promoting compound, or both. We 
distinguished between these possibilities by applying pol­
len to the stigmaless surface of STIGI-barnase pistils in 
either pollen germination medium or exudate collected 
from mature untransformed pistils (see Materials and 
methods). As shown in Figure 6C. the pollen germination 
medium improved pollen tube germination, but did not 
allow tube penetration of the style. In contrast, stigmatic 
exudate applied to the ablated surface of STIG 1-barnase 
pistils at the time of pollination was sufficient to promote 
pollen tube germination and tube penetration into the 
stylar transmitting tissue (Figure 6D). These results dem­
onstrate that the stigmatic surface exudate is required to 
promote pollination, and that pollination can occur in 
the absence of stigmatic secretory zone cells if exudate 
is present.
Discussion
Regulation of STIG 1 gene expression
We have identified a tobacco gene, designated STIGL that 
is expressed specifically in the stigmatic secretory zone, 
the pistil tissue that is responsible for mediating poLlen 
adhesion and germination. Transformation studies with
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Fig. 5. Tobacco pistil development in plants containing the STIG I-barnase gene. (A, C and E) Bright-Held photographs of untransformed pistils at 
stage -3 (A), stage -2 (C) and stage -1 (E). (B. I) and F) Bright-held photographs of pistil expressing the STIG ¡-barnase gene al stage -3 (B), 
stage -2 (D) and -1 (F). A. anther; C, carpel; CW, carpel wall; E, epidermis; Pa, parenchyma ground tissue; PE, petal; OV. ovary; SL, style; ST, 
stigma; SZ, secretory zone; TT, transmitting tissue; VB, vascular bundle.
chimeric STIG/-GUS and STIGI-barnase genes indicate 
that the temporal and spatial expression programs of the 
STIGI gene are controlled primarily at the transcriptional 
level, and that 1.6 kb of 5' sequence is sufficient to 
activate transcription of the STIGI gene within the stigma 
during tobacco and Arahidopsis pistil development 
(Figures 3 and 4). The transcriptional activation of the 
STIGI gene promoter occurs during the period in which 
the stigmatic secretory zone differentiates (stages -2  to 
-1, Figure 5), suggesting that active secretory zone- 
specific transcription factors are either produced or become 
selectively sequestered within the secretory zone cells
during this period. STIGI mRNA accumulates in secretory 
zone cells just after their differentiation (stages -2  to 1 ), 
and during the period when pistil elongation occurs rapidly 
within the closed (lower bud (stages 1-5; Koltunow et al.,
1990). STIGI mRNA declines in prevalence during the 
later stages of pistil development (stages 6- 12 ), and is 
present within the stigma at a reduced level at stage 12 
when the flower opens (Koltunow et al., 1990; Drews 
et a l., 1992). Although the biological role of the STIGI 
protein is not known, these results suggest that the STIGI 
protein functions within the stigma during the early stages 
of pistil differentiation, or that the STIGI protein is
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Fig. 6. Fluorescence micrographs of pollen tube germination and growth on tobacco plants. (A) Pollen tube growth through the stigmatic secretory 
zone of an untransformed SRI pistil. (B) Germination of pollen grains on the ablated stigmatic surface of a STIG I-barnase pistil. (C) Pollen tube 
germination on the ablated stigmatic surface of a STIGI-barnase pistil, to which germination medium was applied before pollination. (D) Pollen 
lube germination and penetration through the transmitting tissue of a STIGl-barnase pistil to which a drop of wild-type pistil exudate was applied 
before pollination. Po, pollen grain; PT, pollen tube; SL, style; ST, stigma; TT, transmitting tissue; VB. vascular bundle.
deposited within stigma secretory cells just after their 
differentiation for use later in pistil development, or both.
Ablation of the stigmatic secretory zone does not 
interfere with pistil development
We fused the STIGI 5' transcriptional regulatory region 
with the barnase gene coding region to determine the role 
of the stigmatic secretory zone in the pollination process. 
We previously used the barnase gene to produce male 
sterile plants by ablating the anther tapetal layers (Mariani 
et a l., 1990, 1992). The results presented here show that 
the STIGì-barnase gene selectively ablates cells of the 
stigmatic secretory zone, demonstrating that barnase is 
enzymatically active in these cells. The stigmas of STIG I - 
barnase plants are reduced to small layers of parenchyma 
tissue, and do not produce exudate (Figures 4 and 5). The 
absence of papillar cells on the surface of ablated stigmas 
suggests that the STIG I-barnase gene is expressed in 
these cells analogous to the expression pattern of the 
STIG 1-GUS gene (Figure 3), or that differentiation of the 
stigmatic papillae requires differentiation of the underlying 
secretory zone cells, or both. Pistil development after
stage -2  does not require stigmatic secretory zone cells, 
because ablation of this zone by the STIG I-barnase gene 
does not impede the subsequent differentiation and/or 
function of other pistil cell types, including stigmatic 
parenchyma cells immediately under the secretory zone 
layer (Figure 5). Elongation of the style, however, is 
influenced by the absence of the stigmatic secretory zone 
(Figure 4). Previously, it was proposed that style elongation 
requires activity of cells in the outer style region (Satina 
and Blakeslee, 1943), or is promoted by development of 
the transmitting tissue (Thorsness et a l., 1991 ). Our results 
suggest that stylar elongation in tobacco is, in part, 
stimulated by the presence of signals produced by the 
stigmatic secretory zone because STIG I-barnase pistils 
have normal transmitting tissue.
Plants containing the STIG I-barnase gene are female 
sterile and male fertile (Figure 4). The female gameto- 
phytes produced by these plants are functionally normal, 
however, because they are able to participate in the 
fertilization process, promote seed set and produce progeny 
that segregate for the female sterile phenotype. Thus, 
female sterility in the stigmaless plants is functional and
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is due solely to the absence of the secretory zone of 
the pistil.
Extracellular compounds present on the stigma 
surface play an important role in the pollination 
process
Cells of the stigmatic secretory zone are responsible, 
in part, for producing an extracellular exudate that is 
present on the surface of mature pistils in open flowers 
(Kandasamy and Kristen, 1987). This exudate has been 
implicated in promoting pollen tube germination and 
growth (Kandasamy and Kristen, 1987; Slater and Calder, 
1990; Nasrallah et cil., 1991 ). We analyzed pollen behavior 
on the ablated surface of STIGI -barnase pistils to deline 
the role that the stigmatic secretory zone plays in the 
pollination process (Figure 6). Most pollen grains are 
unable to germinate on this surface, except for those in 
close contact with transmitting track cells (Figure 6B). 
The addition of stigmatic exudate to the ablated pistil 
surface before pollination, however, permits normal pollen 
tube germination and growth to occur through the style 
to the ovary (Figure 6D). We infer from this result 
that compounds present within the stigmatic exudate are 
required to promote productive pollination events, and 
that stigma secretory zone cells do not have to be present 
for normal pollination to occur in tobacco. Ablation of 
papi 1 lar cells in Arahidopsis and Brassica causes two 
different effects on pollination and pollen tube growth 
(Kandasamy et al., 1993; Thorsness et al., 1993), indicat­
ing that the mechanisms for pollen-stigma interaction may 
differ in these closely related species. Our results provide 
a new evidence for a distinct mechanism required for 
pollen tube growth in tobacco.
What stigmatic exudate compounds promote pollina­
tion? Vitronectin, arabinogalactan, extensin-like proteins 
and other extracellular stigmatic and stylar transmitting 
tissue proteins have been proposed to play a role in 
the pollination process (Heslop-Harrison and Heslop- 
Harrison, 1975; Stead et al., 1980; Sedgley et al., 1985; 
Sanders et al., 1991; Goldman et al., 1992). The female 
sterile tobacco plants described here that lack the stigmatic 
secretory zone, as well as others in which the secretory 
zone and style transmitting tissue have both been select­
ively ablated (Thorsness et al., 1991 ), should facilitate the 
identification of pollination-promoting proteins in the pistil 
exudate and their role in the pollination process.
Materials and methods
Plant material
Tobacco plants (Nicotiana tiibacum cv Samsun and N.tabacum cv 
Petit Havana SRI) were grown under standard greenhouse conditions. 
Characteristics of plants and organs used for RNA preparations were 
described elsewhere (Cox and Goldberg. 1988: Goldman el al., 1992). 
The stages of tobacco flower development have been described previously 
by Goldberg ( 1988), Koltunow et al. ( 1990) and Drews et al. ( 1992).
RNA and DIMA isolation procedures
Total RNA was extracted from different organs as described by Dean 
et al. (1985). Polysomal poly(A)' mRNAs and poly(A) + RNA from 
tobacco vegetative and floral organs were isolated according to Cox and 
Goldberg (1988) and Ausubel et al. (1987). respectively. DNA was 
isolated from tobacco leaves according to the procedure of Dellaporta 
et al. ( 1983).
Isolation of stigma-specific cDNA clones
Stigmas were harvested from stage 6 tobacco pistils (Koltunow et al., 
1990), and stigma polysomal poly(A)’ mRNA was prepared according 
to the procedure of Cox and Goldberg (1988). A stigma cDNA library 
was constructed in the pGEM3Zf(-) vector (Promega) according to the 
procedure of Okayama and Berg (1982). Approximately 1200 stage 6 
stigma cDNA clones were obtained. Stigma-specific cDNA clones were 
identified by screening replica plates of this library differentially with 
stigma stage 6 '“P-labeled cDNAs, as described by Koltunow et al.
(1990) and Drews et al. (1992). One stigma-specific cDNA clone, 
designated 4B12. was identified in this screening. DNA sequence analysis 
indicated that the 4B12 cDNA clone was rearranged and contained a 
bacterial insertion sequence. To obtain a non-rearranged 4B12 stigma- 
specific cDNA clone, we screened a tobacco stigma + style ÀgtlO 
cDNA library (Goldman et al., 1992) with a 4BI2 cDNA probe and 
obtained two cDNA clones, designated X MG 10 and X MG 12. DNA 
sequence analysis indicated that these clones were 100% similar to each 
other and that the X MG 10 and X MG 12 cDNA clones were identical 
in sequence to 4B12. We refer to these cDNA clones collectively 
as STIGI.
Nucleic acid gel blot studies and in situ hybridization
RNA gel blot studies were carried out as described previously (Goldman 
et al.. 1992). DNA gel blot studies were carried out using Hvbond N~ 
membranes, according to the protocol specified by Amersham. 
In situ hybridization experiments were performed according to the 
non-radioactive probe procedure of De Block and Debrouwer (1993).
Isolation of the STIGI gene
A STIGI genomic clone was isolated from a X Charon 32 leaf DNA 
library (Koltunow et al.. 1990) by screening the genomic library with 
an MG 10 cDNA probe (Jofuku and Goldberg, 1988).
DNA manipulation and sequence analysis
Plasmid and phage DNAs were isolated as outlined in Sambrook et al.
(1989). X cDNA clone inserts (MGI0 and MGI2) were recloned into 
the pGEMI plasmid vector (Promega). The STIGI genomic clone insert 
was also recloned in pGEMI as two overlapping fragments. Radioactive 
DNA probes were synthesized from gel-purified DNA fragments using 
the random-primed DNA procedure according to the protocol specified 
by Boehringer-Mannheim. DNA sequence analysis was performed 
according to the methods of Sanger et al. ( 1977) and Maxam and Gilbert 
(1977). DNA and protein sequences were analyzed using computer 
software provided by lntelligenetics. Inc. (Mountain View, CA) and PC/ 
Gene (University of Geneva, Switzerland).
Chimeric gene constructions
An Nco\ site (CCATGG) was introduced into the STIGI genomic clone 
at the putative translation start site (first methionine in the STIG 1 deduced 
amino acid sequence) using polymerase chain reaction oligonucleotide- 
directed in vitro mutagenesis (Hemsley et al., 1989). A 1.6 kb DNA 
fragment immediately upstream of the STIGI gene start codon was fused 
to the E.coli GUS gene coding region (Jefferson et a i, 1987), producing 
a chimeric STIGl-GUS gene. The same 1.6 kb 5' fragment was fused 
to the B.amyloliquefaciens barnase gene coding region (Hartley, 1988), 
producing a chimeric STIG I-barnase gene. In both STIGI chimeric 
gene constructions, the 3' ends were derived from the Ti-plasmid 
nopaline synthase gene (Mariani et al., 1990, 1992).
Plant transformation
Transgenic tobacco plants (Nicotiana tabacuni cv Petit Havana SRI) 
were produced by leaf disc Agrobacterium-mediated transformation 
(Horsch et al., 1988) using a binary vector (Mariani et al., 1990, 1992). 
Transgenic Arahidopsis plants were produced by root transformation 
according to Valvekens et «/.(1988). Transformants were selected on 
kanamycin medium during the regeneration procedure.
ß-Glucuronidase activity assays
Histochemical assays were performed as outlined by Jefferson (1987). 
Whole Arahidopsis organs and 100-200 jam thick tobacco sections were 
placed in GUS histochemical staining buffer ( I mM 5-bromo-4-chloro- 
3-indolyl glucuronide in 100 mM phosphate buffer, pH 7.0, 10 mM 
EDTA. 0.1% Triton X-100, 0.5 mM K3F6CN6 and 10% methanol). 
Following vacuum infiltration for 10 min., GUS reactions were carried 
out at 37°C until a blue color developed (3-20 h). The plant material
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was then fixed in 5% formaldehyde, 5% acetic acid and 20% ethanol 
for 1 h, and cleared of chlorophyll with 100% ethanol. Photographs 
were taken with Wild M3C Heerbrugg binocular microscope using 
Kodak Ektachrome 160T film.
Light microscopy of pistil sections
Floral buds and pistils dissected at the relevant developmental stages 
were fixed and embedded in Historesin (Reichert-Jung) as described by 
De Block and Debrouwer (1992). The embedded material was sliced 
into 2-3 |im sections using an Autocut Reichert-Jung microtome, stained 
with 0.05% toluidine blue, and then photographed with a Leitz Fluovert 
FS microscope using Kodak Ektachrome 160T film.
Pollen tube growth studies
Pollen viability was tested by Alexander staining ( 1969) and by in vitro 
pollen germination in a medium consisting of 17% sucrose, 300 mg/l 
CaCl2-2H20 , 100 mg/l H3BO3, pH 6.4 and 0.7% agar (Cheng and 
Freeling, 1985). Pollen tube growth on ablated and normal pistils was 
visualized 24 h after pollination, using longitudinally opened stigmas 
and styles that were stained in a 0.1% solution of aniline blue in 0.1 N 
K3PO4 for 5 min (Herrero and Dickinson, 1979). Pollen and pistil tissues 
were examined in aniline blue staining solution with a Leitz Fluovert 
FS microscope using fluorescence illumination and a B2 filter. Pollen 
tube growth was also evaluated after pollination on cut-style surfaces 
(Van Tuyl el al., 1988), following application of a drop of Cheng and 
Freeling pollen germination medium (Cheng and Freeling, 1985) or 
stigmatic exudate to the ablated pistil surface. Stigmatic exudate was 
collected by capillarity (5 |li1 glass micropipettes) from the stigma surface 
of mature untransformed pistils.
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